Recent studies have shown that resveratrol (3,5,4¢-trihydroxystilbene), a polyphenolic compound found in grapes and red wine, has various beneficial effects on cardiovascular diseases and prolongs the life span of mice fed a high-fat diet. We hypothesized that resveratrol may attenuate vascular inflammatory response induced by angiotensin (Ang) II. We examined the effect of resveratrol on Ang II-induced interleukin (IL)-6 expression in vascular smooth muscle cells (VSMCs). Resveratrol significantly attenuated Ang II-induced IL-6 mRNA expression and IL-6 protein in the supernatant of VSMC in a dose-dependent manner. Resveratrol suppressed the IL-6 gene promoter activity. Resveratrol inhibited the Ang II-induced cAMP-response element-binding protein and nuclear factor-kappa B activity, which are critical for Ang II-induced IL-6 gene activation. An increase in the serum concentration of IL-6 induced by Ang II infusion was attenuated by an oral administration of resveratrol. Resveratrol also inhibited Ang II-induced hypertension and perivascular fibrosis of the heart. Although hydralazine reduced blood pressure level equal to resveratrol, it did not reduce the Ang II-induced IL-6 production and perivascular fibrosis. These data suggest that the inhibition of Ang II-induced vascular inflammation and high blood pressure by resveratrol may contribute, at least in part, to the anti-atherogenic effects of resveratrol.
INTRODUCTION
Angiotensin (Ang) II is a main final effector molecule of the reninangiotensin system and plays an important role in the regulation of fluid and electrolyte balance and blood pressure. 1 Ang II is also involved in cardiac hypertrophy and fibrosis, atherogenesis and renal failure. 2 Two Ang II receptors, Ang II type-1 receptor and type-2 receptor, have been identified. 3 Most of the traditional cardiovascular effects of Ang II are mediated by Ang II type-1 receptor. Indeed, Ang II type-1 receptor antagonists are effective in the treatment of not only high blood pressure 4 but also heart failure, 5 atherosclerosis 6 and diabetic nephropathy. 7 Interleukin (IL)-6 is a proinflammatory cytokine that induces expression of the C-reactive protein, fibrinogen and production of platelets. 8 In addition, many reports suggest that IL-6 is a useful biomarker that predicts future cardiovascular events. 9 ,10 IL-6 is produced from many cell types, including vascular smooth muscle cells (VSMCs). It was reported that the IL-6 expression in VSMCs is induced by IL-1, 11 platelet-derived growth factor 12 and Ang II. 13 The induction of IL-6 by Ang II is reported to be dependent on the activation of two transcription factors, cAMP-response element-binding (CREB) protein 13, 14 and nuclear factor-kappa B (NF-kB). 14 Resveratrol (3,5,4¢-trihydroxystilbene) is a polyphenolic compound abundant in the skins of grapes and red wine. It has anti-inflammatory, anti-platelet and antioxidant activities. 15 These properties of resveratrol are believed to be beneficial for the prevention and treatment of cardiovascular diseases. Resveratrol has been shown to extend the life span of a wide variety of species from yeast to mammals. The longevity by resveratrol is, at least in part, mediated by SIRT1, a NAD + -dependent histone deacetylase. 16 Resveratrol is reported to suppress Ang II-induced Akt activation and extracellular signal-regulated protein kinase to a lesser extent. 17 However, the effect of resveratrol on Ang II-induced cytokine production remains to be determined. We, therefore, examined in this study whether resveratrol inhibits the Ang II-induced IL-6 expression in VSMCs.
MATERIALS AND METHODS Materials
Dulbecco's modified Eagle's medium (DMEM) was purchased from GIBCO BRL (Carlsbad, CA, USA). Fetal bovine serum was from JRH Biosciences Inc. (Lenexa, KS, USA). Resveratrol and bovine serum albumin were purchased from Sigma Chemical Co. (St Louis, MO, USA). Ang II was purchased from PEPTIDE Inc. (Osaka, Japan). An enzyme-linked immunosorbent assay (ELISA) kit for rat IL-6 was purchased from BioSource International (Camarillo, CA, USA). A mouse IL-6 ELISA kit was purchased from R&D systems (Minneapolis, MN, USA). [a-32 P] dCTP and [g-32 P] ATP were purchased from PerkinElmer Life Sciences (Waltham, MA, USA). Other chemical reagents were purchased from Wako Pure Chemicals (Osaka, Japan) unless mentioned specifically.
Cell culture
Vascular smooth muscle cells were isolated from the thoracic aorta of SpragueDawley rats and maintained in DMEM supplemented with 10% fetal bovine serum at 37 1C in a humidified atmosphere of 95% air-5% CO 2 . Passages between 5 and 15 were used for the experiments. Cells were seeded in 6-cm tissue culture dishes or in 24-well plates, and cultured in DMEM with 10% fetal bovine serum for 4 days. Then the medium was changed to DMEM supplemented with 0.1% bovine serum albumin. The cells were cultured for an additional 2 days and stimulated with Ang II.
Northern blot analysis
Total RNA was prepared by an acid guanidinium-thiocyanate-phenol-chloroform extraction method. Northern blot analysis of IL-6 mRNA was carried out as described earlier. 13 The hybridized membrane was stripped by boiling in 0.5% sodium dodecyl sulfate solution and hybridized to a 32 P-labeled 18S ribosomal RNA probe to obtain a reference for the amount of applied RNA. The membrane was then exposed to a KODAK (Rochester, NY, USA) BioMax XAR Film at À80 1C. Densitometric analysis of IL-6 mRNA or 18S ribosomal RNA was quantified by Image Gauge Software (Version 3.45, Fujifilm, Tokyo, Japan).
Quantification of rat IL-6 by sandwich ELISA Vascular smooth muscle cells were stimulated with Ang II (100 nmol l À1 ) for 24 h in the presence or absence of resveratrol (100 mmol l À1 ). The supernatant of VSMCs was collected and centrifuged at 12 000 r.p.m. for 1 min. The supernatant was stored at À80 1C until assay. ELISA for rat IL-6 was carried out with a Cytoscreen ELISA kit (BioSource International), according to the manufacturer's instructions.
Transfection of IL-6 promoter-luciferase fusion DNA construct to VSMC Interleukin-6 gene promoter-lusiferase fusion DNA construct was reported earlier. 13 Confluent VSMCs were split by trypsin/EDTA solution, and 5Â10 5 cells were prepared in a 6-cm tissue culture dish. After 48 h, 5 mg of IL-6 promoter-luciferase fusion DNA and 2 mg of b-galactosidase gene driven by an SV40 promoter-enhancer sequence were introduced to VSMC by the diethylaminoethyl dextran method according to the manufacturer's instructions (Promega Corporation, Madison, WI, USA). After transfection, the cells were cultured in DMEM with 10% fetal bovine serum for 24 h, washed twice with phosphate-buffered saline and stimulated with 100 nmol l À1 of Ang II for 24 h with or without resveratrol (100 mmol l À1 ). The luciferase activity was measured and normalized by b-galactosidase activity as described earlier. 18 Preparation of nuclear extracts and gel mobility shift assay Nuclear extracts of Ang II-stimulated VSMCs, with or without resveratrol stimulation, were collected as described earlier. 18 A synthetic DNA probe (NF-kB: CATGTGGGATTTTCCCATGA) was labeled with 32 P using [g-32 P] ATP and T4 polynucleotide kinase, and purified by a Sephadex G-50 column (Roche Applied Science, Indianapolis, IN, USA). The nuclear extracts of 20 mg was incubated with 1Â10 5 c.p.m. of labeled DNA probe and 2 mg of poly (dI-dC) in a buffer containing 10 mmol l À1 Tris-HCl, pH 7.5, 1 mmol l À1 EDTA, 4% glycerol, 100 mmol l À1 NaCl, 2.5 mmol l À1 DTT and 100 mg l À1 bovine serum albumin for 20 min at room temperature. The samples were then electrophoresed on a 5% acrylamide/ 0.25ÂTBE gel (1ÂTBE 90 mmol l À1 of Tris borate, 2 mmol l À1 of EDTA). After electrophoresis, the gels were dried and exposed to an X-ray film at À80 1C. For supershift assay of NF-kB, an antibody against a p50 subunit of NF-kB (0.5mg, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or nonimmune mouse IgG (0.5 mg, Invitrogen Corp., Carlsbad, CA, USA) was added to the binding reaction.
Western blot analysis
Western blot analysis of phosphorylated (p-) CREB and total CREB was carried out as described earlier. 19 The specific band was scanned with an imaging analyzer. The phosphorylation level of CREB was indicated as a ratio of p-CREB to CREB.
Animal experiment
All procedures were approved by the institutional animal use and care committee, and were conducted in conformity with institutional guidelines. At 9-weeks-old, C57/B6 mice were purchased from Kyudo Co. Ltd (Saga, Japan). Resveratrol was suspended in water at 0.1 mg ml À1 , and administered ad libitum. The estimated dose of orally ingested resveratrol was 10 mg per kg per day. In the Ang II group, 490 ng per min per kg of Ang II was administered intraperitoneally through an osmotic mini-pump (Alzet, Cupertino, CA, USA). Another group received hydralazine (250 mg l À1 in drinking water: estimated uptake was 40 mg per kg per day). Blood pressure (BP) and heart rate were measured using the tail-cuff method (UR-5000, UEDA, Ueda Industries Co., Tokyo, Japan). At 2 weeks, the mice were killed using pentobarbital anesthesia. Blood sample was collected from the inferior vena cava. To coagulate the blood, the samples were left at room temperature for 2 hours, and then centrifuged for 20 min at 3000 g. The serum was subjected to IL-6 measurement. At 4 weeks, the heart and aorta were removed and embedded in paraffin, and the tissue slices were stained with Masson-trichrome solutions and hematoxylin/eosin, respectively. The sections were scanned using a light microscope. The area of perivascular fibrosis was measured by planimetry. The extent of perivascular fibrosis of the coronary arteries was evaluated by the ratio of the perivascular fibrosis area to the total vascular area. 20 
Statistical analysis
Statistical analysis was carried out with one-way ANOVA and Fisher's test, if appropriate. Data are shown as mean±s.e.m. Po0.05 was considered to be statistically significant.
RESULTS

Resveratrol attenuates Ang II-induced IL-6 expression in rat VSMC
Vascular smooth muscle cells were incubated with resveratrol (100 mmol l À1 ) for varying time periods, and stimulated with Ang II (100 nmol l À1 ) for 30 min. The expression level of IL-6 mRNA was determined by northern blot analysis. The expression level of IL-6 mRNA was significantly reduced by preincubation with resveratrol for 3 and 6 h (data not shown). Incubation with varying concentrations of resveratrol for 3 h resulted in an attenuation of the Ang II-induced IL-6 mRNA expression in a dose-dependent manner (Figure 1a) . Resveratrol attenuated Ang II-induced IL-6 production in the medium in a dose-dependent manner (Figure 1b) .
Resveratrol attenuates IL-6 gene promoter activity Next, we examined the effect of resveratrol on IL-6 gene promoter activity. Resveratrol inhibited the Ang II-induced IL-6 gene promoter activity (Figure 2a) . A recent study showed that CREB and NF-kB were critical for the induction of IL-6 by Ang II. 14 We, therefore, examined the effect of resveratrol on CREB and on NF-kB activity. Western blot analysis showed that resveratrol inhibited Ang II-induced phosphorylation of CREB at serine133, which is a critical marker of activation (Figure 2b ). Gel mobility shift assay showed that resveratrol also inhibited Ang II-induced NF-kB DNA binding (Figure 2c ). The supershift assay showed that the band was shifted by an addition of antibody against a p50 subunit of NF-kB but not by nonimmune IgG, confirming that the band of gel mobility shift assay involved a p50 subunit of NF-kB.
Resveratrol attenuates Ang II-induced increase in serum IL-6 concentration, blood pressure and perivascular fibrosis of the heart in mice We examined whether resveratrol affects Ang II-induced IL-6 production in vivo. BP was elevated in the Ang II group. However, BP levels of resveratrol and hydralazine groups were not significantly different from that of the control group (Table 1) . The serum IL-6 level was significantly increased by Ang II. The Ang II-induced increase in the serum IL-6 level was attenuated by resveratrol but not by hydralazine ( Figure 3a) . As hydralazine reduced blood pressure level equal to resveratrol, it is suggested that a resveratrol-induced IL-6 suppression is independent of a BP lowering effect.
Perivascular fibrosis of the small coronary artery of the heart was examined at 4 weeks. Perivascular fibrosis was increased by Ang II infusion, which was inhibited by resveratrol treatment but not by hydralazine (Figure 3b ). Medial thickness of the aorta was slightly increased by Ang II. However, the increase was not statistically significant and we did not observe a significant effect of resveratrol either (data not show).
DISCUSSION
In this study, we showed that resveratrol inhibited Ang II-induced IL-6 expression both in vitro and in vivo. The inhibition of IL-6 production by resveratrol may be because of the inhibition of CREB and NF-kB, which play an important role in IL-6 induction by Ang II. 13, 14 The in vivo study showed that resveratrol also inhibited Ang II-induced hypertension, IL-6 production and perivascular fibrosis of the heart. However, a suppression of Ang II-induced hypertension by hydralazine did not affect the increase in serum IL-6 level and perivascular fibrosis of the heart, suggesting that the suppression of Resveratrol attenuated angiotensin II-induced phosphorylation of CREB. Phosphorylation of CREB was detected by western blot analysis using a phospho-specific CREB antibody. The ratio of phosphorylated CREB to total CREB is shown as the relative fold increase compared with that in unstimulated cells (n¼4). The values are expressed as the mean±s.e.m. # Po0.05 vs. control, *Po0.05 vs. AII. AII: angiotensin II, RV: resveratrol. (c) Gel mobility shift assay showed that resveratrol also inhibited angiotensin II-induced NF-kB activity. VSMCs were stimulated with angiotensin II (100 nmol l À1 ) for 30 min with or without resveratrol (100 mmol l À1 ) and nuclear extracts were prepared. Fifty times molar excess of unlabeled wild-type probe competitor was added to the reaction mixture (competitor). For super shift assay, an antibody against p50 subunit of NF-kB or non-immune mouse IgG was added to the reaction mixture. The same results were obtained in other independent experiments (n¼4). AII: angiotensin II, RV: resveratrol.
Resveratrol inhibits IL-6 expression K Inanaga et al IL-6 production and perivascular fibrosis of the heart by resveratrol was not because of the reduction of BP. It has been reported that resveratrol has an antioxidant effect. 15 As Ang II activates NADPH oxidase in VSMCs, and reactive oxygen species play an important role in Ang II signaling, 21 it is reasonable that resveratrol inhibits Ang II signaling. However, little is known about the role of resveratrol in the modulation of Ang II-induced inflammatory response in blood vessel. It was reported that resveratrol inhibited Ang II-induced endothelin-1 expression and proliferation of VSMCs through a suppression of AP1 activity. 22 In this study, we showed that Ang II-induced activation of CREB and NF-kB, which is involved in IL-6 induction, was inhibited by resveratrol. It was already reported that resveratrol inhibited NF-kB activity. 23 However, this is the first report showing the inhibition of CREB activation by resveratrol. It was reported earlier that CREB was activated by hydrogen peroxide. 24 Therefore, the antioxidative effect of resveratrol may play a role in the inhibition of Ang II-induced CREB phosphorylation. On the contrary, Das et al. 25 reported that resveratrol activated CREB through the adenosine A3 receptor in an ischemia-reperfusion injury model of a rat heart. The reason for this discrepancy is not clear at this point and requires further study.
Although an inhibition of Ang II-induced hypertension by crude extracts of red wine polyphenol was reported in rat, 26 the effect of resveratrol on Ang II-induced hypertension remains to be determined. We clearly showed that resveratrol inhibited Ang II-induced hypertension. In addition, it is noteworthy that the effect of resveratrol on Ang II-induced cytokine production in vivo has not been reported. We clearly showed that the serum IL-6 level in Ang II-infused mice was significantly suppressed by resveratrol. However, the major source of serum IL-6 induced by Ang II infusion is not clear at this point. As blood vessel is present in the whole body, it may be possible that IL-6 released from VSMC contributes to the serum IL-6 level to some extent. It is also possible that IL-6 from VSMC causes a local inflammatory response in the blood vessel rather than cause systemic effects.
The role of IL-6 in the development and progression of atherogenesis is controversial. IL-6 is well known to induce expression of the C-reactive protein, which is a prognostic marker of atherosclerotic cardiovascular diseases. 27 IL-6 also stimulates the proliferation of VSMCs. 28 These data suggest that IL-6 from blood vessel may be involved in a local inflammatory response that may accelerate atherogenesis. In contrast, the genetic deficiency of IL-6 in apolipoprotein E knockout mice showed an enhancement of atherogenesis in spite of decreased macrophage infiltration to the atherosclerotic lesion. 29 The double knockout mice showed an increase in the very low-density lipoprotein and the low-density lipoprotein level, which may explain the enhanced atherogenesis in these mice and suggest that the role of IL-6 in lipid metabolism may be atheroprotective. Therefore, further study is needed to determine the role of locally produced IL-6 in the development of vascular lesion formation. In contrast to the experimental studies, the results of most of the clinical studies are consistent and suggest that plasma IL-6 level is a useful biomarker predicting future cardiovascular events 9, 10 and is associated with cardiovascular pathophysiology. Naya et al. 30 showed that an increase in the plasma IL-6 level was associated with coronary endothelial dysfunction in patients with hypertension. In addition, telmisartan, an Ang II type-1 receptor blocker, was more effective than was amlodipine in reducing plasma IL-6 and matrix metalloproteinase-9, which was associated with a reduction of serum creatinine and proteinuria. 31 Therefore, IL-6 may be a critical cytokine linking inflammatory response to the development of coronary atherosclerosis as well as to renal diseases.
Although a controversy still exists in terms of the role of IL-6 in atherogenesis, resveratrol itself was reported to attenuate atherogenesis in apolipoprotein E knockout mice without a significant change in the blood lipid profile, 32 which may indicate the therapeutic or preventive implication of resveratrol in atherosclerotic cardiovascular diseases. Our study suggests that this atheroprotective effect of resveratrol may involve the inhibition of the Ang II function and the resultant suppression of IL-6 production. However, it seems to be difficult to take a sufficient amount of resveratrol from red wine in which the average resveratrol concentration is 5 mg l À1 . 33, 34 It is estimated that peak serum resveratrol concentration after taking two glasses of red wine may reach B180 nmol l À1 , 35 which is much lower than the dose we used in this study. Moreover, it goes without saying that taking a large amount of red wine is not recommended because of the possible detrimental effect of alcohol. But, when purified resveratrol at 100 mg kg À1 body weight is taken, the peak serum concentration of resveratrol is estimated at 680 mmol l À1 . This estimation may make the dose we used in this study clinically relevant. In addition, it has been reported that resveratrol at a lower concentration between 0.1 and 10 mmol l À1 has beneficial effects on the cardiovascular system, such as an inhibition of TNFa-induced NF-kB activation 36 and an increase in nitric oxide release, 37 suggesting that two glasses of red wine may also be beneficial. The level of resveratrol found in food varies greatly. In grapes, resveratrol is found primarily in the skin; dry grape skin contains about 24 mg g À1 of resveratrol. 38 Other foods such as boiled peanut contains resveratrol of 5.1 mg g À1 , 39 ,40 red grape juice contains 0.5 mg l À1 in average 41 and blueberries 32 ng g À1 . 42 Daily consumption of these foods in combination may protect against cardiovascular diseases to some extent.
In summary, we showed in this study that resveratrol inhibited Ang II-induced IL-6 production both in vitro and in vivo through the inhibition of NF-kB and CREB. Resveratrol also inhibited Ang IIinduced hypertension and perivascular fibrosis of the heart. These effects may contribute to an inhibition of vascular inflammation leading to the progression of atherosclerosis.
